Platinum-group element (PGE: Os, Ir, Ru, Pt, Pd) and Re^Os isotope systematics determined for the entire preserved stratigraphy of the 1Á27 Ga Muskox intrusion provide an exceptional view of magma chamber processes and mineralization in the main plutonic system of the Mackenzie large igneous province (LIP). We present new Re^Os isotope data for the intrusion, together with PGE and trace element abundances, and oxygen and Sm^Nd isotope data on samples that include local crustal materials, layered series peridotites, stratiform chromitites, marginal and roof zone rocks, and the Muskox Keel feeder dyke. Intrusive rocks span wide ranges in initial isotopic compositions (g Os i ¼ þ1Á0 to þ 87Á6; e Nd i ¼ À0Á4 to À6Á6; d 18 O Ol ¼ þ 5Á5 to þ 6Á9ø) and highly siderophile element abundances (HSE: PGE and Re; Re ¼ 0Á02^105 ppb; Pt ¼ 0Á231 15 ppb; Os ¼ 0Á02 to 4 200 ppb). HSE and fluid-immobile trace element abundance variations are consistent with relative compatibilities expected for cumulate rocks. The most radiogenic Os and unradiogenic Nd isotope compositions occur in the Muskox marginal and roof zones. Negative g Os i values in these rocks and their nonisochronous relations result from mobilization of Re in the intrusion through post-magmatic hydrothermal processes.The most significant process causing Os and Nd isotope variations in the layered series of the intrusion is crustal contamination of mantle-derived magma batches feeding individual cyclic units. This process may be directly responsible for formation of chromitite horizons within the intrusion. Accounting for crustal assimilation, the Muskox intrusion parental magma has g Os i ¼ þ1Á2 AE 0Á3, e Nd i 4^1Á0 AE 0Á4, d
I N T RO D UC T I O N
A long-standing debate in geology has been the relative roles played by the Earth's crust and mantle in generating the geochemical signatures of large igneous provinces (LIPs), and the influence these reservoirs have in the formation of mineral deposits in magmatic systems. Layered intrusions are central for addressing these issues, because they record periods of magmatic activity intimately associated with LIPs, and generally host precious metal mineralization within the system. Application of the Re^Os isotope system to these problems has allowed effective discrimination of crustal and mantle signatures, because Re and Os track the behaviour of the platinum-group element [PGE; Os, Ir, Ru, Rh, Pt, Pdçwith Re and Au collectively termed highly siderophile elements (HSE)] enrichments more faithfully than lithophile isotope systems (e.g. Lambert et al., 1989 Lambert et al., , 1994 Lambert et al., , 1998 Marcantonio et al., 1993; Walker et al., , 1997a Schoenberg et al., 1999 Schoenberg et al., , 2003 Hanski et al., 2001; Horan et al., 2001; Marques et al., 2003) . Furthermore, in contrast to the less than 200 Myr snapshot provided by ocean island basalts, LIP magmatism has occurred over much of Earth history, providing important constraints on the secular evolution of the terrestrial mantle.
Here, we present a new major-and trace-element, HSE, and Os^Nd^O isotope study of the Muskox intrusion in northern Canada. Several characteristics of the Muskox intrusion make it attractive for study. First, it is well developed and structurally undeformed and features a complete rock differentiation series from dunite cumulates, peridotites, pyroxenites, and gabbros, to granophyres. Second, it is one of the most ultramafic large layered intrusions so far recognized on Earth and has been considered to be related in space and time to the extensive 1Á27 Ga giant Mackenzie dyke swarm and Coppermine River continental flood basalts (CFB) (Baragar, 1969; Francis, 1994; Baragar et al., 1996; Day et al., 2003b) , collectively known as the Mackenzie LIP. Detailed geochemical study of the Muskox intrusion is therefore likely to provide important insights into the process of crustal contamination of mantle-derived magmas feeding flood basalt magmatism. The Mackenzie LIP event also coincides with a period in the geological record that is poorly constrained in the context of Os isotope mantle evolution models. In this study, the effects of magma chamber processes (assimilation, magma-mixing through recharge) are considered on the isotopic and elemental compositions of Muskox intrusion rocks. We explore the implications this has for understanding modification of mantle-derived melts and generation of chromitite horizons in layered intrusions, and examine the origin and possible effects of secondary hydrothermal processes on the distribution of the PGE in the intrusion. Finally, we consider the HSE, Nd and O isotope compositions of the mantle source of the Mackenzie LIP, and constraints that can be placed on the mantle Re^Os isotope evolution curve.
T H E M U S KOX I N T RU S I O N: G E O L O G I C A L S E T T I N G A N D S A M P L E D E TA I L S
The Muskox intrusion is situated at the edge of the Bear structural province, on the northwestern edge of the Canadian Shield (Fig. 1) , and is a classic example of an upper crustal layered intrusion. It forms part of the mid-Proterozoic Mackenzie LIP, which comprises the Coppermine River CFB, and the largest preserved terrestrial dyke swarm, the Mackenzie dykes (Ernst et al., 1995) .
Combined volumes estimated for the structural components of the Mackenzie LIP indicate that it is one of the most extensive LIPs recognized.
The geology and structure of the Muskox intrusion has been described in detail previously (Findlay & Smith,1965; Irvine & Smith, 1967; Francis, 1994) and its stratigraphy is summarized in Fig. 2 . The intrusion was emplaced into the Coppermine Homocline (Hofmann, 1980; Kerans et al., 1981) , an Aphebian basement complex of 41Á8 Ga Wopmay para-and ortho-gneiss, metavolcanic rocks and metasediments at the base of the 3^58 northward dipping Helikian sequence. The overall structure of the intrusion is that of a giant funnel-shaped dyke ($125 km long, 11km wide in the north, and 0Á1km wide in the south) that merges into a vertical dyke extending to the south, known as the Keel feeder dyke (Fig. 3 ). Aeromagnetic and gravity anomaly studies show the intrusion extends northward for at least 250 km under younger cover where it becomes more laterally extensive (Fig. 1 ). The present exposure probably represents a thin, oblique slice through a much larger intrusion (Francis, 1994) , with an estimated original volume in excess of 20 000 km 3 . The intrusion can be divided into a 'Keel' feeder dyke, two marginal zones (east and west), a layered series composed entirely of cumulates, and a granophyric roof zone (Irvine, 1980) . Twenty-five cyclic units have been identified within the layered series (Findlay & Smith, 1965; Irvine & Smith, 1967) , which have been interpreted as replenishment episodes of mantle-derived mafic magma. Two thin (510 cm) stratiform chromitite horizons occur in the intrusion, in the middle of cyclic unit 21 and at the base of cyclic unit 22. In this study, the chromitite unit at the base of cyclic unit 22 was analysed. In addition to these horizons, a laterally discontinuous lower chromitite layer has been inferred based on cryptic chemical variations (L. J. Hulbert, unpublished data; DDH-MX-S-137; hereafter all samples listed in Table 1 are abbreviated to their drill-hole number, e.g. S-137).
Emplacement of the Muskox intrusion occurred early in the Mackenzie event and has been precisely dated using baddeleyite^zircon U^Pb dating, at 1269 AE1 Ma (LeCheminant & Heaman, 1989; French et al., 2002) . This age is within error of that for the giant Mackenzie diabase dyke swarm (1267 AE2 Ma; LeCheminant & Heaman, 1989) , although field relations indicate that the dykes cross-cut parts of the intrusion (Findlay & Smith, 1965) and hence the Muskox intrusion is probably one of the earliest parts of the system (LeCheminant & Heaman, 1989) . Re^Os isochron (Day et al., in preparation) and zircon U^Pb ages (M. Hamilton, personal communication, 2004) , for the lower portions of the Coppermine River CFB are within error of the Muskox intrusion age, suggesting that the inception of the CFB and emplacement of the intrusion were essentially contemporaneous and that volcanic and plutonic activity occurred over a similar time-span to other LIP magmatic systems (e.g. Hamilton et al., 1998) .
Fifty-seven samples were analysed for major-and traceelement analysis, with 41 selected for Re^Os isotope and HSE abundance analysis (29 for Sm^Nd isotopes compositions; nine for O isotope analysis of mineral separates) from a large ($600 samples), well-characterized suite from the Muskox Drilling Project (Findlay & Smith, 1965) . All initial sample masses exceeded 100 g, and were selected in 2001 from materials preserved at the Geological Survey of Canada, Ottawa. The majority of samples were from the north and south diamond drillhole cores, which preserve a 41800 m thick stratigraphy of the Muskox intrusion. Relative locations of samples within the drill cores are shown in Fig. 2 , and the lithology, petrology, degree of alteration (e.g. serpentinization) and locations of samples are given in Table 1 . Outcrop samples of three Keel dyke and three main chromitite specimens, as well as drill-core samples of the 1Á66 Ga Hornby Bay sandstone roof rock (Bowring & Ross, 1985) , and the 41Á8 Ga Wopmay Orogen paragneiss basement country rock (Hofmann, 1980) were also analysed for their Os^Nd isotope and HSE compositions. (MI) . Approximate focal point for $1Á27 Ga igneous activity and the large positive gravity anomaly associated with the intrusion are from Baragar et al. (1996) . EB, Ekalulia basalts; CH, Coppermine homocline; GBL, Great Bear Lake; GSL, Great Slave Lake; LA, Lake Athabasca; LW, Lake Winnipeg. Modified from LeCheminant & Heaman (1989) .
A NA LY T I C A L M E T H O D S
Major elements and S were analysed using standard X-ray fluorescence fusion and S analysis techniques at the Geological Survey of Canada (GSC); major elements have been corrected to anhydrous proportions. Trace element concentrations were determined by digesting 100 mg of sample powder prior to analysis by inductively coupled plasma-mass spectrometry (ICP-MS) using an ELAN 6000 quadrupole ICP-MS system at the University of Durham, following procedures outlined by Ottley et al. (2003) . Data quality was ensured via repeated analysis of in-house standards and international reference materials (W2, BHVO-1, AGV-1, BE-N, BIR-1, SRM 688), together with regular monitoring of total procedural blanks. Internal and external reproducibility of standard values Fig. 2 . Stratigraphy of the Muskox intrusion drill-core sections with positions of samples analysed for Re^Os isotopes and HSE (, south diamond drill-hole (DDH); , north DDH) and location of the heavily serpentinized zone within the intrusion [based on data from Chamberlain (1967) ]. The location of Chamberlain's heavily serpentinized zone matches well with petrographic observations (Table 1 ) and total measured water contents for the samples (Table 3) . Cross-cutting diabase dykes have been omitted from the diagram for clarity. Francis (1994) has further subdivided portions of the intrusion into megacycle 1 (cyclic units 2 and 3), megacycle 2 (cyclic units 4^8), megacycle 3 (cyclic units 9^19) and megacycle 4 (cyclic units 20^25). Further detailed description of the drill core and samples has been given by Findlay & Smith (1965). was better than AE3% for all elements, except Pb and Sc, which were better than AE5%.
Oxygen isotope analyses were performed on visibly 'fresh', inclusion-free mafic minerals. These were separated by hand and ultrasonically cleaned in MQ-H 2 O and methanol. Mattey & Macpherson (1993) for silicates and Lowry et al. (2003) for oxides. Yields for all unknowns and standards in this study were 95 AE 5%. Precision and accuracy of analyses was monitored with three internal standards: two olivines from San Carlos and a garnet. The isotopic composition of these minerals relative to the international standard biotite NBS-30, and 2s deviations of replicate analyses over the analytical period were: RHUL SCOL I þ4Á84ø (AE 0Á18, n ¼ 23), RHUL SCOL II þ5Á22ø (AE 0Á16, n ¼19) and UW GMG 2 garnet þ5Á71ø (AE 0Á18, n ¼ 22).
Nd isotope analyses were performed at the University of Durham, using 0Á1^0Á5 g of powder that was digested in Savillex Teflon beakers in a 4:1 HF^HNO 3 mixture for 72 h on a hotplate, at 1508C. Neodymium was separated using Bio-Rad Õ AG50W-X8 cation resin. Procedures for obtaining Nd-bearing fractions from this column procedure have been outlined previously (Dowall et al., 2003) . Sample solutions were measured by multi-collector (MC)-ICP-MS on a Neptune Õ system and were introduced into the plasma using an Elemental Scientific Inc. (ESI) PFA-50 microflow nebulizer and an ESI dual cyclonic Scott double pass (CSDP) quartz spray chamber. Typical sample uptake rates were 70^100 ml/min. Each analysis is based on the average of 50 measurement cycles with an integration time of 4Á1s per cycle. (Pearson & Nowell, 2005) . Blank and yield data for Nd preparation chemistry have been given by Dowall et al. (2003) . Sm and Nd concentrations were measured using an ELAN 6000 ICP-MS system. The reproducibility of Sm/Nd ratios using this procedure for ultramafic rocks was estimated by analysis of in-house peridotite standard GP13 and is 1Á8% (2 SD; Ottley et al., 2003) . This gives a typical uncertainty on age-corrected e Nd ratios of 0Á38% (2s). Orogen rocks, 1Á66 Ga Hornby Bay sandstone and younger Dismal Lake dolomites. Also shown is a restored cross-section of the exposed portions of the intrusion and the location of the north (north DDH) and south (south DDH) diamond drill-holes [modified from Irvine & Smith (1967) and Irvine (1980) ]. Stanbridge (StL), McGregor (ML) and Speers (SL) lakes also shown. Re, 190 Os, 191 Ir, 194 Pt), and 7^8 ml of inverse aqua regia. The charged Carius tubes, normally prepared in batches of 6^8, and including at least one total procedural blank, were kept at 220^2308C in an oven for 472 h. Os was triply extracted from the inverse aqua regia using CCl 4 (Cohen & Waters, 1996) and then back-extracted into HBr, prior to purification via microdistillation (Birck et al., 1997) . Re and the PGE were recovered and purified from the residual solutions using an anion exchange separation technique (Pearson & Woodland, 2000) . Through the course of this study, total procedural blanks (n ¼10) had an average 187 [Os] . Isotopic compositions of Os were measured by thermal ionization mass spectrometry (TIMS) using negative ion mode on a Triton Õ instrument. Re, Pd, Pt, Ru and Ir were measured using an ELAN 6000 Quadrupole ICP-MS and a Neptune Õ multi-collector ICP-MS instrument using methods outlined by Pearson & Woodland (2000) and Day et al. (2003a Re ratios for sample solutions were corrected for mass fractionation using either (1) the deviation for the standard average run on the day over the natural 187 Re/ 185 Re (quadrupole analysis), or (2) Ir doping and external normalization to Depth from the base of the intrusion (DFB) in metres; defined as the distance from the intrusive margin. Cyclic units defined by Findlay & Smith (1965) (see Fig. 2 for additional details). Numbers in parentheses denote the layer numbers identifed by Irvine (1975) .
4
Based on definitions of Wager & Brown (1968 Ir ratio derived on a daily basis relative to a reference 187 Re/ 185 Re isotope ratio of 1Á67392 (Neptune Õ analysis) (Day et al., 2003a) . During the period of analysis five separate digestions and analyses of peridotite standard GP13 were analysed and are presented in Table 2 . GP13 has been measured multiple times for PGE and Re in different laboratories using isotope dilution and digestion via Carius tube and high-pressure asher methods (Meisel & Moser, 2004; Pearson et al., 2004; Becker et al., 2006) . Reproducibility of GP13 data from the present study ranges from 3Á2% RSD for Os to 11Á6% RSD for Pd. Some of this variability probably results from inhomogeneous PGE distribution within the sample powder. Inhomogeneous HSE distribution through 'nuggeting' is a commonly observed phenomenon, even in standard materials typically measured for isotope-dilution HSE analysis, such as GP13 (Becker et al., 2006) .
R E S U LT S Major and trace elements
The layered series of the Muskox intrusion are cumulate rocks and as such the minerals they accumulate dominantly control their major and trace element compositions (Table 3) , with the fractional crystallization trends observed in the intrusion representing a form of cryptic layering (see Wager & Brown, 1968) . There is a trend of increasing Mg-number and compatible element (e.g. Cr, Ni) contents progressing upwards within the lower 1000 m of the intrusion and a sharp decrease in MgO and increase in SiO 2 at the juncture of the main chromitite horizon to the roof rocks (Fig. 4) . Characteristic inflections are also evident in MgO and SiO 2 from pyroxenite layers (cyclic units 8 and 16) sandwiched between dunite and peridotite units with relatively invariant SiO 2 550 wt % and MgO 435 wt %. Considering the Mg-rich nature of the dunite units in the intrusion, the olivine is relatively homogeneous and Fe-rich (Fo 84^86 ; L. J. Hulbert, unpublished data), similar to those of other large mafic^ultramafic intrusions (e.g. Eales & Cawthorn, 1996) . High total alkali (Na 2 O þ K 2 O) contents are observed only in the differentiated rocks of the marginal and roof zones and, with P 2 O 5 , are at levels often below detection limits (50Á01wt %), within the layered series units. This is especially true for the most serpentinized units, which lie in the centre of the intrusion; there is also a good correlation between total water (H 2 O T ) and degree of serpentinization ($500 to 1500 m depth from base; Table 1 and Fig. 2 ). Keel dyke samples have restricted ranges in Mg-number and SiO 2 , and Mg/ Fe similar to Coppermine CFB picrite lavas (Day et al., in preparation) . In contrast, the country rocks of the intrusion have high SiO 2 , MnO and total Fe 2 O 3 contents.
Mafic^ultramafic layers in the Muskox intrusion have low absolute incompatible trace element abundances and, when combined with compatible element variations, reflect the role of olivine and chromite accumulation in the intrusion, as well as replenishment of new batches of magma to form the observed cyclic units. Compatible trace elements GP13  3Á74  0Á00  3Á80  0Á01  8Á49  0Á69  6Á97  0Á04  4Á97  0Á07  0Á30  0Á00  0Á12643  0Á00008   GP13  3Á51  0Á00  3Á29  0Á02  8Á09  0Á37  7Á15  0Á04  5Á82  0Á07  0Á29  0Á00  0Á12638  0Á00010   GP13  3Á50  0Á02  4Á12  0Á05  7Á25  0Á88  7Á90  0Á01  5Á52  0Á07  0Á27  0Á00  0Á12632  0Á00008   GP13  3Á57  0Á02  3Á88  0Á07  8Á13  0Á43  8Á61  0Á01  6Á55  0Á02  0Á29  0Á00  0Á12625  0Á00008 GP13
Internal analytical precision of measurement. 
Mg-no. 64Á9 3 7 Á3 5 9 Á0 7 2 Á0 6 8 Á2 7 1 Á3 7 1 Á1 7 6 Á6 7 5 Á9 wt % anhydrous corrected 
(continued) wt % anhydrous corrected wt % anhydrous corrected Tb  0Á09  0Á14  0Á06  0Á08  0Á10  0Á09  0Á12  0Á13  0Á15   Dy  0Á53  0Á84  0Á36  0Á46  0Á55  0Á50  0Á69  0Á74  0Á86   Ho  0Á10  0Á17  0Á07  0Á09  0Á11  0Á10  0Á14  0Á15  0Á16   Er  0Á28  0Á44  0Á19  0Á24  0Á28  0Á26  0Á35  0Á38  0Á43   Tm  0Á04  0Á07  0Á03  0Á04  0Á04  0Á04  0Á05  0Á06  0Á06   Yb  0Á28  0Á41  0Á18  0Á23  0Á27  0Á25  0Á33  0Á37  0Á41   Lu  0Á05  0Á07  0Á03  0Á04  0Á04  0Á04  0Á06  0Á06  0Á07   Hf  0Á26  0Á33  0Á25  0Á31  0Á36  0Á37  0Á53  0Á51  0Á70   Ta  0Á04  0Á15  0Á05  0Á06  0Á13  0Á13  0Á15  0Á16  0Á21   Pb  1Á88  2Á71  2Á09  2Á26  1Á36  0Á71  4Á14  1Á32  1Á02   Th  0Á17  0Á17  0Á21  0Á26  0Á28  0Á31  0Á42  0Á39  0Á53   U  0 Á04  0Á04  0Á06  0Á07  0Á07  0Á09  0Á10  0Á09  0Á13 (continued) 
Webs., websterite; n.m., not measured.
correlate with Mg-number such that variations with stratigraphic height of Cr and Ni are similar to refractory major element variations. Rare earth element (REE) profiles vary greatly in the intrusion, and correspond to lower concentrations in ultramafic compositions and cyclic units relative to roof rock and marginal zone rocks (Fig. 5) Primitive-mantle normalized multi element plots of Muskox Keel, marginal zone, roof zone and layered series rocks reveal similar profiles for cyclic unit 2 dunites and the Muskox Keel feeder dyke (Fig. 6 ). There are large variations for large ion lithophile elements (LILE; Rb, Ba, Sr) and Ta, generally negative anomalies for Ti and Nb, and positive anomalies for Pb and Th. Elevated Pb, Rb, Ba, Sr and Th, and negative Nb, Ta and Ti anomalies are characteristic of the Wopmay orogen gneiss and these same features are also prominent in the Keel dyke and cyclic layer 2. Thorium excess in the Hornby Bay sandstone roof rock (N-1) is also observed in N-3 and N-14 but not in other roof rocks. Samples with notable trace element compositions include the main chromitite layer, which exhibits positive Ti anomalies, from Ti-rich chromite, and distinct Nb, Ta and Pb anomalies. The relatively elevated Ti content of the chromitites is consistent with greater Fe formation relatively higher in the stratigraphic section in the Muskox intrusion. Pb abundances vary at the base of the marginal zone and top of the roof zone, and appear to follow cryptic layering trends in the cyclic units, similar to those seen in the major element profiles. Ce/Pb ratios for the serpentinized layered series rocks fall to abnormally low ratios of $0Á08 and to $1^8 for the cyclic unit 2 dunites [for comparison, depleted mid-ocean ridge basalt mantle (DMM) Ce/Pb is $30, bulk crust Ce/Pb is $3Á3].
Oxygen isotopes
In the classic work by Taylor (1968) (Eiler et al., 2000a) , ocean islands (Eiler et al., 1996 (Eiler et al., , 1997 , arc volcanic rocks (Eiler et al., 2000b) and mantle peridotites (Mattey et al., 1994) . Two chromites and one olivine from the chromitite reef were also analysed yielding a silicate^oxide fractionation factor (i 18 O Ol^Cr ) equal to À2Á9 and d
18 O Ol ¼ þ7Á14 to þ7Á7ø. The i 18 O Ol^Cr is consistent with the value of À3Á0 AE 0Á9 (n ¼10, 1 SD) obtained on chromites and olivines from an Archaean ultramafic body (Lowry et al., 2003) . Calculated whole-rock d
18 O values correspond to þ5Á9 to þ8Á1ø, in the range of published bomb-fluorination data for Muskox cyclic units (þ6Á3 to þ7Á3ø; Taylor, 1968).
Sm^Nd isotope systematics Intrusive magmatic rocks
Sm and Nd concentrations (Table 5) range from 0Á04 to 11Á1ppm and 0Á17 to 48Á7 ppm, respectively, with a range in 147 Sm/ 144 Nd of 0Á109^0Á197. 147 Sm/ 144 Nd increases steadily from the base to the roof zone, where ratios again decrease (Fig. 7) . Calculated initial Nd isotope (e Nd i) values (age corrected to 1270 Ma) are in agreement with previous whole-rock analyses of the layered series rocks (Fig. 7) (Stewart & DePaolo, 1996) . The entire range in e Nd i values can be found in the marginal and roof zone samples. A single e Nd i value (À1Á5) obtained for a Keel sample, which was collected from the centre of the feeder dyke, is also similar to the value of a Keel sample (À1Á6) reported previously (Stewart & DePaolo, 1996) . The least negative e Nd i values of layered series rocks in the Muskox intrusion are similar to the isochron initial e Nd compositions obtained from an olivine clinopyroxenite (À0Á2 AE 0Á3) and a gabbro (À0Á6 AE 0Á1) in the upper portions of the layered series (Stewart & DePaolo, 1996 (Fig. 8) . Much of this variation can be explained by the low REE abundances in layered series rocks and excessive crustal disturbance for some of the marginal and roof zone rocks such that they define mixing lines with the country rocks in Fig. 8 . Data for the layered series alone yield an apparent 'age' of 1400 AE 260 Ma with initial e Nd ¼ À4Á5 AE 5Á5, and data for roof and marginal zone rocks give apparent ages older than the intrusion ($1900 Ma), reflecting, at least partly, mixing between magmatic and local country rock compositions. Samples from cyclic units 21^25 yield an age of $1270 Ma and a best-fit 'isochron' age for upper layered series and roof zone rocks give an age of 1267 AE 66 Ma with e Nd i ¼ À1Á0 AE 0Á4 (Fig. 8) . This initial ratio is more radiogenic than that calculated for individual rock units by Stewart & DePaolo (1996) ; we suggest that the true parental magma composition had e Nd i ! À1.
Country rocks
Country rocks associated with the Muskox intrusion have negative e Nd i values. Negative e Nd i values have also been measured for the granitic wall-rocks of the intrusion (e Nd 1270Ma ¼^20Á3 to^22) with a previously reported value for a Wopmay paragneiss (e Nd 1270Ma^5 Á8; Stewart & DePaolo, 1996) being similar to that for a different lithological unit from the same formation reported here (^8Á7); this may also reflect some degree of Nd isotope heterogeneity in local crustal rocks. Re^Os isotope and PGE abundance data for the Muskox intrusion, Keel feeder dyke and local country rocks are presented in Table 6 . The abundances of HSE are highly variable throughout the intrusion, with a similar range of abundances for Os, Ir and Ru (Ir-or I-PGE, after Barnes et al., 1985 ; $0Á02^70 ppb) but more variable ranges in Pt, Pd (Pd or P-PGE, after Barnes et al., 1985) and Re. Common Os (Os Ã , corrected for radiogenic growth of Os) for the layered series peridotites (0Á597^70Á3 ppb) is generally lower for that of the main chromitite horizon (39Á9^201ppb), whereas abundances of Re vary from 50Á02 ppb in serpentinized dunite units and clinopyroxenites to 105 ppb in a marginal zone bronzite gabbro. Re concentrations vary between 0Á65 and 1Á75 ppb in the chromitite horizon and tend to be higher for samples with elevated TiO 2 and low MgO (Fig. 9) , indicating that Re behaves incompatibly and may be partly associated with, or hosted by, Fe^Ti-rich phases.
In comparative plots versus MgO (Fig. 9) , the I-PGE follow similar correlations to those of Cr and Ni, indicating their compatibility during fractional crystallization; only the chromitite horizons deviate significantly from Muskox intrusion layered series
Initial e Nd values were calculated on the basis of the 147 Nd decay constant () of 6Á54 Â 10 -12 year -1 and the present-day parameters for chondritic uniform reservoir (CHUR) adopted from Jacobsen & Wasserburg (1980) 147 Sm/ 144 Nd vs 143 Nd/ 144 Nd plot for the Muskox intrusion layered series, Keel dyke, marginal and roof zone rocks; crustal samples are also shown for comparison but are excluded from isochron analysis. Also shown is the isochron derived from the upper layered series and the roof rocks (n ¼ 7) which gives an age of 1267 AE 66 Ma with an initial e Nd value of^1 AE2 assuming a 0Á38% relative error for 147 Sm/ 144 Nd (see text for details). Isochron was calculated using ISOPLOT (Ludwig, 2003) . Shaded region denotes possible mixing trajectories between crustal assimilants and Muskox intrusion layered series rocks. (R 2 value 40Á7) and the P-PGE and Re showing weaker correlations (R 2 value 50Á2), especially for the layered series units (Fig. 10) . It was previously suggested that cumulus chromite and olivine would control the I-PGE and Pt, whereas Pd, Au, Re and Cu behave incompatibly (Barnes & Francis, 1995) . Our data indicate that the I-PGE are likely to be controlled by chromite and olivine, but that the P-PGE and Re are less compatible. These plots help to establish a relative order of compatibility of PGE and Re in the intrusion:
This is consistent with the work of Barnes & Francis (1995) and also with the correlations between I-PGE (R (Os/Ir) ¼ 0Á98; R (Ru/Ir) ¼ 0Á89, excluding samples N-129 and S-192 for Ru/Ir) and P-PGE vs Ir, the latter of which show little or no correlation (Fig. 11) .
There is a diverse range of HSE patterns for Muskox intrusion rocks (Fig. 12) , with layered series rocks having distinctive patterns according to their cyclic units.
Some of the variability, especially in samples with less than 10 ppb of Os, Ir, Ru, Pt, Pd or Re, may result from the 'nugget effect', where the limited sample mass (2^3 g) digested and PGE-mineral distribution and grain size play a major role; this, however, should have limited effect on the HSE patterns exhibited in Fig. 12 . Some of the variability can also be ascribed to lithological differences. Pyroxenites (N-100, S-123) have distinctive inverted 'V' shaped patterns and are characterized by supra-chondritic (Pt/Os) n of $30. Websterites in cyclic units 16^21 (N-55, N-56) have relatively flat patterns with relative depletion in Pt compared with Pd and Ru. Dunites generally have HSE patterns characterized by positive slopes for the PGE. Apparent depletions in Pt relative to Pd and Ru in some layered series rocks may reflect localized fractionation of Cu-rich sulphide liquid; pyrrhotite, pentlandite and monosulphide solid solution have been shown to exhibit these characterisitics in Noril'sk, Bushveld and Great Dyke samples (Barnes et al., 2006 (Barnes et al., , 2008 . Barnes & Francis (1995) noted a similar Cu-rich sulphide sample (Eq 16) to S-192 in their analyses of Muskox intrusion rocks. Keel dyke samples of gabbro norite possess HSE patterns with Pd depletions, are relatively homogeneous and show similar patterns to picritic magmas from other localities (Crocket, 2002; Fig. 12 ). Some of the variability in HSE patterns cannot solely be attributed to lithology and instead is probably related to sulphide control, especially in the marginal zones, or crustal assimilation, with country rocks having positive HSE profiles and supra-chondritic (Re, P-PGE/I-PGE) n (normalized to CI-Chondrite, Orgueil). Many of the roof zone samples are characterized by positive HSE patterns, similar to those of the Hornby Bay sandstone roof rock, or Wopmay paragneiss. Even some of the layered series dunites (S-151, S-154) show enrichments in Pd in the lower portion of cyclic unit 2, adjacent to the marginal zone. PGE data for the Muskox intrusion have previously been obtained by nickel sulphide fire assay and instrumental neutron activation analysis (INAA) by Barnes & Francis (1995) . That work focused extensively on PGE-rich marginal zone sulphides and a detailed description of the sulphide mineralogy of the intrusion. We compare our isotope dilution HSE data with the NiS^INAA data of Barnes & Francis (1995) and find overall agreement in PGE and Re concentrations as a function of S, even with country rock gneiss and Cu-rich sulphide samples included (Fig. 13) . There is clear evidence for sulphide control, in both our dataset and that of Barnes & Francis (1995) , especially for the marginal zone samples and country rocks. Base metal sulphide (BMS) liquid, which has extremely high affinity for the HSE, probably played an important role in the distribution of these elements in the marginal zones of the intrusion, with layered series rocks showing less dependence on this process (Fig. 13) . Indeed, Barnes & Francis (1995) noted correlations between Cu, Re, Rh, Pd, and Au in marginal zone samples, which they attributed to sequestration of HSE through sulphide addition from country rocks; the marginal zone samples from this study appear to be consistent with their conclusions, although the layered series units do not.
A striking aspect of the I-PGE data is that the layered series rocks of the Muskox intrusion have near-chondritic (Os/Ir) n that varies by only 0Á68^2Á50 through the intrusion as a whole. In contrast, supra-chondritic ratios of (Pt/Os) n , (Re/Os) n and (Pd/Ir) n are evident in both the roof and marginal zone rocks but are less pronounced in dunitic and peridotitic units [(Os/Ir) n ¼1Á2 AE 0Á6, (Pt/Os) n ¼ 3Á9 AE 2Á9, (Re/Os) n ¼ 0Á6 AE 0Á9] and in Keel dyke samples [(Os/Ir) n ¼1Á2 AE 0Á1, (Pt/Os) n ¼ 3Á5 AE1Á2, (Re/Os) n ¼ 2Á7 AE 0Á7]. It is useful to consider the relationship of HSE with depth in the intrusion, considering the interpretation of replenishment episodes to form the layered series cyclic units (Findlay & Smith, 1965; Irvine & Smith, 1967) . The I-PGE behave like Cr in the intrusion (Fig. 14) , whereas Re acts more incompatibly and is lowest in the layered series peridotites and pyroxenites. The P-PGE show pronounced oscillations and, with the I-PGE, are consistent with periodic magma replenishment and fractional crystallization defining the formation of the Muskox layered series cyclic units. With depth from the base of the intrusion (defined as the contact between the country rock and the floor of the intrusion), Os/Ir is essentially invariant, $1^1Á5, but Pt/Ir shows much greater variation, again consistent with magmatic fractionation of the I-PGE and P-PGE and periodic magma replenishment to the intrusion. Re/Os ratios are greatest in the marginal and roof zone rocks and can be extremely low in the layered series and chromitite horizon (Fig. 14) . Fluid-immobile lithophile and chalcophile elements, such as Pb, also show change in abundance with depth from base in the intrusion, consistent with periodic magma replenishment to form the layered series cyclic units, but more mobile lithophile elements are depleted, especially in the heavily serpentinized areas of the intrusion (cyclic units 6^21; Table 1 ).
HSE abundances of country rocks
The two country rocks analysed, the Hornby Bay sandstone and Wopmay paragneiss, both have distinctive HSE patterns, with (Re, P-PGE) 4 I-PGE (Fig. 12) . Broadly speaking, both country rocks have lower HSE abundances than the layered series rocks and the Keel dyke, with the Hornby Bay sandstone having systematically lower PGE and Re abundances than the Wopmay paragneiss. (Fig. 14) . Keel dyke samples have a more restricted range of positive g Os i values (þ1 to þ7). Variations in g Os i weakly correlate with cyclic unit intervals in the intrusion. Cyclic unit 2, the thickest of the ultramafic layered series units studied, exhibits almost the entire range measured for g Os i in the intrusion. It includes layers with high Os Ã abundances (0Á92^9Á1ppb) but highly variable g Os i (þ3Á1 to þ87Á6). The highest g Os i is seen in the high Os Ã dunite (S-137), which has been interpreted as the cryptic representation of a laterally discontinuous chromite-rich horizon in cyclic unit 2. g Os i is 410 for all of the chromitite horizon rocks. There are no obvious correlations between Os Ã and g Os i in the Muskox intrusion rock suite.
Re^Os isotope systematics
Muskox intrusion samples do not define an isochronous relationship and show considerable scatter on a Re^Os isochron plot (Fig. 15) . The main correlation defines a much younger mean age than the age of crystallization of the intrusion from U^Pb concordia (LeCheminant & Heaman, 1989) . Some of the scatter in the Re^Os isochron plot can be explained by post-crystallization disturbance via apparent Re loss or gain. A number of the marginal and roof zone samples have Re excess such that their g Os i values are highly negative; these samples include S-192; N-3, N-11, N-14 and N-27 , all of which lie either side of a 900 Ma reference isochron in Fig. 15 . In addition to Re mobilization, these samples possess fluid-mobile element Pd show little to no correlation with S but it is notable that the marginal and roof zone rocks lie toward the compositions of the country rocks. A good correlation exists between Re and S (f) and also, to a lesser degree, between g Os 1270Ma and S (g). These correlations are attributed to interaction with base metal sulphide species [BMSçvector calculated from data of Barnes & Francis (1995) and Barnes et al. (2006 Barnes et al. ( , 2008 ] as well as possible hydrothermal mobilization of Re from the centre to the top of the Muskox intrusion. Shaded field is from Barnes & Francis (1995) Arrows denote the locations of the main chromitite horizons. There are notable similarities between oscillating variation in I-PGE abundances and Cr and between P-PGE and depth. Some of this oscillation can be explained via new magma pulses feeding the layered series cyclic units. Much of the variation can also be explained via fractionation and accumulation of mafic minerals in the intrusion.
(e.g. Ba, Rb) anomalies (e.g. Fig. 6 ). More coherent behaviour is observed when samples from the marginal and roof zones are excluded. The Keel dyke samples, along with the majority of layered series rocks, scatter around a 1270 Ma chondritic reference isochron. The most radiogenic layered series peridotites from cyclic units 2^19 are displaced and scatter about a similar 1270 Ma reference isochron that has a higher g Os i value of approximately þ12Á5. This relationship indicates initial isotopic heterogeneity in the magmas hosted within the intrusion, accounting for some of the scatter in the Re^Os isochron plot (Fig. 15) . Such isotopic heterogeneity is consistent with the dynamic interplay of magma replenishment, fractional crystallization and crustal assimilation already noted from the elemental systematics of the intrusion and with other layered intrusions (e.g. Lambert et al., 1994) . Filtering the dataset to remove samples affected by postcrystallization disturbance (negative g Os i), or that possess elevated g Os i (greater than þ10), yields an imprecise 'errorchron' age of 1276 AE170 Ma (MSWD ¼ 260, n ¼19) with a positive g Os i (þ5 AE 2). Regressing a 1270 Ma reference isochron through Keel dyke samples yields g Os i ¼ þ1Á2 AE 0Á3. Variability in initial Os compositions of Muskox intrusion rocks strongly argues for different parental melt compositions as a result of periodic magma replenishment episodes to feed the layered series cyclic units and a crucial role for crustal assimilation processes.
D I S C U S S I O N Hydrothermal alteration and mobilization of rhenium
Post-crystallization hydrothermal alteration of Re or radiogenic Os has previously been postulated for a number of layered intrusions (Hart & Kinloch, 1989; McCandless & Ruiz, 1991; Marcantonio et al., 1993 Marcantonio et al., , 1994 Lambert et al., 1994) . This process has been interpreted to occur via addition of crust-derived Os through transfer in fluids during cryptic metasomatism (Marcantonio et al., 1994) .
There is extensive petrographic and geochemical evidence for hydrothermal processes altering some of the Muskox intrusion layered cyclic units. This includes: (1) cryptic metasomatism in layered series rocks (Irvine, 1980) ; (2) serpentinization and presence of Mg-rich chlorite in middle (cyclic units 7^16) layered series peridotites (Table 1) ; (3) absence of sulphides, zonation of native metals (e.g. awaruite, wairauite, mackinawite, vallerite) and existence of native iron and copper in the core zone of the Muskox intrusion (Chamberlain & Delano, 1965; Chamberlain, 1967) ; (4) deuteric oxygen isotope exchange between minerals and fluids (Taylor, 1968) . These features can be explained by hot fluids fluxing through the intrusive pile subsequent to crystallization. Chamberlain (1967) suggested that, during serpentinization of the intrusion, hydrothermal fluids became progressively O-depleted, resulting in the decomposition of sulphide phases, ultimately resulting in formation of native metal species in the serpentinized units and H 2 S in the fluid phase. It should be noted that, although evident in some samples, this process has by no means been pervasive through the intrusion, with the most focused alteration occurring in the 'core' of the intrusion from $500 to $1500 m depth from base (DFB) and away from the side-walls of the intrusion (e.g. Fig. 2) .
Concentrations of fluid-immobile elements such as the REE, Hf, Nb and Th have not been altered by hydrothermal alteration in the Muskox intrusion, but LILE (e.g. Rb, Sr, Ba, Cs) show greater scatter, relative to indices of fractionation such as Zr (Table 3 ). The highly negative g Os i values for some of the roof and marginal zone rocks indicate disturbance of the Re^Os isotope system. There is a trend to evolved, lower Os abundance marginal and roof zone rocks that possess more radiogenic measured 187 Os/ 188 Os (Fig. 16) ; this relationship can be attributed to high Re/Os ratios in low Os abundance samples that are sensitive to Re gain, as well as the increasing effect of crustal contamination. We suggest that Re gain occurred through addition of a rhenium sulphide species relating to low oxygen activity fluids. Rhenium correlates positively with sulphur in the intrusion, implying that fluids broke down and transported interstitial sulphide phases from the base to the top and sides of the intrusion (Fig. 13) . Further, the samples that possess the most negative g Os i values also have large positive fluid-mobile element anomalies (e.g. Fig. 6) . Conversely, the PGE show no welldefined correlations with S (Fig. 13) . Rhenium gain in samples can explain negative g Os i values, which also semi-correlate with S (Fig. 13) , for some of the marginal and roof zone rocks, accounting for their scatter to the right of the 1270 Ma reference isochron line and yielding an artificially younger 'age' than the 'true age' of the intrusion (Fig. 15) .
In contrast to marginal and roof zone rocks, the effect of Re mobilization has been minimal for layered series peridotites, which show a relatively limited range of 187 Os/ 188 Os m with variable Os concentration (Fig. 16 ). There is no evidence for radiogenic Os gain through hydrothermal mobilization for samples with high Os concentrations and radiogenic 187 Os/ 188 Os in the Muskox intrusion. If this were true, it would be expected that a relationship should exist between the degree of serpentinization in ultramafic layered series rocks and initial 187 Os/ 188 Os, yet no correlation can be defined (see Table 1 and Fig. 16 ). Furthermore, similar stratigraphic profiles for the I-PGE vs compatible elements (e.g. Cr, Ni; Fig. 14) indicate that layered series units have preserved their magmatic Os abundances. Similar observations have been made for Os in extensively altered komatiitic flows (Walker & Nisbet, 2002; Gangopadhyay & Walker, 2003 Os has previously been ascribed to hydrothermal mobilization of radiogenic Os in the Wellgreen intrusion (Marcantonio et al., 1994) . For the Muskox intrusion it is more likely that Re has been mobilized, as this can more effectively account for low Os abundance marginal and roof zone rock Os isotope compositions and Re/Os ratios; the radiogenic 187 Os/ 188 Os for high Os abundance samples are therefore related to crustal contamination. Samples that fall in the serpentinized zone of the intrusion (Fig. 2) are denoted by an 's' within the symbol. and roof zone rocks and that this process has had a minor or insignificant effect on layered series rocks. This conclusion is justified by the low Re/Os ratios of serpentinized dunites in the intrusion relative to unserpentinized dunites, but the similar range in measured and initial 187 Os/ 188 Os ratios. Variable Os and Nd isotope and PGE compositions of layered series rocks are therefore interpreted as primary magmatic features.
A key question relating to hydrothermal alteration in large mafic^ultramafic intrusions is its timing and extent. Chamberlain (1967) demonstrated that much of the alteration in the Muskox intrusion took place in the 'core', and suggested that progressively O-depleted high-temperature ($4508C) fluid fluxed through the intrusion as a consequence of convective heat loss from the cooling cumulate pileça process not likely to last more than a few hundred thousand to a few million years. Taylor (1968) also invoked hydrothermal activity, but of fluid rich in oxygen in the roof zone of the intrusion, to explain the elevated d
18 O values measured in those rocks. These fluid types are not mutually exclusive, as precipitation of S and Re into the upper portions of the intrusion can occur through oxygenation of a low redox fluid flux from the core of the intrusion. However, calculated Re^Os isotope disturbance 'ages' (timing from Chondritic Uniform Reservoir at 1270 Ma) for roof zone rocks with negative g Os i imply hydrothermal alteration $130^290 Ma after the formation of the Muskox intrusion. These ages contrast with field evidence for hydrothermal alteration soon after cooling of the intrusion. It is likely that the range in disturbance 'ages' is an artefact because 187 Os/ 188 Os m is a combination of initial 187 Os/ 188 Os, magmatic 187 Re/ 188 Os and elevated 187 Re/ 188 Os after hydrothermal mobilization and addition of Re. From 187 Os/ 188 Os m and the calculated 'age' of ReÔ s isotope disturbance, the Hornby Bay sandstone has received an $50% addition of Re through hydrothermal alteration, whereas the roof rocks with negative g Os i (N-3, N-11, N-14, N-27) have experienced between 10 and 27% Re addition. In combination with undisturbed 187 Os/ 188 Os m for layered series rocks that have undergone Re loss, hydrothermal alteration took place within a few million years after the formation of the Muskox intrusion. Hydrothermal alteration was a pervasive process, based on (1) S^Re relationships (Fig. 13) , (2) oxygen isotope variations in roof zone whole-rock samples (Taylor, 1968) and (3) systematic serpentinization and presence of native metals in the 'core' of the Muskox intrusion, as has also been documented for other layered mafic^ultramafic intrusions (e.g. Marcantonio et al., 1994) .
Crustal assimilation and fractional crystallization
Fluid-immobile elements preserve evidence for crustal contamination effects on Muskox intrusion layered series, marginal and roof zone rocks, including large positive Pb anomalies (Fig. 6 ) and oscillating ranges in fluid-immobile element abundances through layered series cyclic units (Fig. 14) . Additional evidence for crustal assimilation comes from sulphur (Sasaki, 1969; L. J. Hulbert, unpublished data, 2001 ), oxygen (Taylor, 1968 ; this study), Sr and Nd (Stewart & DePaolo, 1992 ; this study) isotope compositions in marginal and roof zone rocks. These geochemical signatures correlate with petrological observations such as enhanced modal orthopyroxene along the intrusive contacts and the presence of xenolith country rock material within the marginal zones (Francis, 1994) .
It has been noted in previous studies of layered intrusions that lithophile and Os isotope evidence for crustal contamination are rarely consistent, resulting in conflicting interpretations of Os isotope variations as either mantle source heterogeneity (Lambert et al., 1989; Walker et al., , 1995 Walker et al., , 1997a Walker et al., , 1997b Marques et al., 2003) , or hydrothermal mobilization (Marcantonio et al., 1994) . Discrepancy between lithophile and Os isotope estimates for crustal contamination in mafic magma chambers can be reconciled if the role of fractional crystallization is addressed. Layered series rocks are, by definition, cumulates (Irvine, 1982) , and early formed cumulates are generally incompatible-element depleted and compatibleelement enriched.
Highly siderophile element, initial Os isotope (Fig. 14) and trace element (Fig. 6 ) variations with depth from base in the Muskox intrusion layered series cyclic units indicate progressive recharge of mafic magma into the chamber, resulting in fluctuating variations in crustal and mantle isotope signatures. It has been suggested, based upon lithophile element abundances and isotopic compositions, that the layered series was buffered by sealing of the margins by crystal cumulates, and that large-scale contamination was infrequent and/or episodic (Francis, 1994; Barnes & Francis, 1995; Stewart & DePaolo, 1996) . The detailed Nd isotope stratigraphy presented in Fig. 7 supports this, with clear spikes in initial Nd isotopic ratios being noted in cyclic units 4, 7 and 19. Muskox intrusion layered series units have low Nd and Sm abundances, making them highly susceptible to small crustal additions. This is exemplified by S-44, a dunite with low Sm and Nd concentrations and the most negative e Nd i for the layered series, but with relatively unradiogenic initial 187 Os/ 188 Os. Such large variations in Sm and Nd abundances result in overestimates of the amount of crustal assimilation that has taken place relative to higher abundance samples such as those from the marginal and roof zones. Conversely, Os is a compatible element relative to Sm and Nd, and is at high abundances in cumulate rocks relative to the parental magmas. This leads to the paradoxical relationship of crustal contamination greatly affecting Os isotopes but having more limited impact on the Nd isotope compositions of the marginal and roof zone rocks, with the opposite being true for high Os abundance, low REE abundance layered series rocks.
The difference in Os and Nd behaviour in the cumulate rocks, and the resultant over-or underestimation of contamination, can be illustrated using Os^Nd isotope relations for the Muskox intrusion. Because Os and Nd isotopes have been analysed for different types of crustal host rocks constraints can potentially be placed on assimilation processes acting on the Muskox intrusion parental magmas. Model calculations for Os^Nd isotope variations indicate that substantial crustal additions (2^70%) to Muskox intrusion marginal and roof zone rocks may have occurred (Fig. 17) . For layered series rocks, up to 20% crustal assimilation can be modelled from their Os and Nd isotope systematics, with up to 70% in one extreme case (Fig. 17) . Such excessive amounts of calculated assimilation would not yield cumulate rocks dominated by olivine, as observed. Thus, although Os^Nd relationships demonstrate that at least two crustal contaminants are required, which can correspond to Hornby Bay sandstone roof rock and Wopmay paragneiss, they do not show agreement in the amounts of crustal assimilation between Os and Nd.
To more effectively model the effect of crustal assimilation on the layered series rocks we have estimated the initial concentration of the Muskox parental melts by assuming an Os concentration equal to that of gabbro norites thought to represent parental liquids ($0Á6 ppb, Barnes & Francis, 1995) and a chondritic initial 187 Os/ 188 Os (Re/ Os Ã ¼ $0Á08, g Os ¼ 0) (Fig. 18) . The model uses estimated parental melt abundance and not abundances of elements for cumulate rocks. Despite the absence of definitively 'uncontaminated' chilled margin samples for the Muskox intrusion (Bhattacharji & Smith, 1964) , we justify the use of the gabbro norites as a proxy for the parental melt Os composition based on calculations presented later in the discussion. The model in Fig. 18 shows mixing curves for an assimilation and fractional crystallization (AFC) ratio (M Assimilant /M Magma ) of 0Á8 and an Os bulk D of 15, indicating that 2^4% contamination by upper crustal gneisses or crustal granulites can explain the entire range of Os isotope variation observed in the layered series. For AFC ratios of 0Á2 or unity, 16 and 22% assimilation would be required, respectively. These two extreme AFC scenarios are unrealistic in that extreme contamination or fractionation levels are greatly at odds with the overall ultramafic nature of the intrusion, but they may be locally relevant to some layered series and marginal zone units. Stewart & DePaolo (1996) and Pearson et al. (2003) . Primary magmatic values are estimated from initial isotopic values from this study and Stewart & DePaolo (1996) . Labels along the curves denote per cent increments of crustal addition. A number of marginal and roof zone samples lie at extremely negative g Os because of post-magmatic Re addition. For the Muskox intrusion there is no evidence of sub-continental lithospheric mantle (CLM) melting to source magmatism, suggesting that the Mackenzie LIP was almost exclusively sourced from the asthenospheric mantle. DMM, depleted MORB mantle.
Minor crustal contributions are consistent with the restricted range in e Nd i and trace element variations for the majority of layered series rocks, especially if assimilation of granitic country rocks with elevated Nd abundances and strongly negative e Nd i are considered (see Stewart & DePaolo, 1996) . The d
18 O values of minerals (as low as þ5Á5ø), are also consistent with a limited amount of crustal contamination (generally 510% assuming crustal assimilant with $ þ11ø; Taylor, 1968) . This degree of crustal contamination can explain the entire range in initial 187 Os/ 188 Os calculated for layered series rocks, and the supra-chondritic g Os calculated from the Re^Os errorchron (Fig. 15) .
Estimates of crustal assimilation indicate that the layered series are significantly less contaminated than most of the marginal and roof zone rocks. Hence, layered series rocks, along with the Keel dyke, offer the most potential for constraining the isotopic characteristics of the Muskox intrusion parental melt. However, in addition to crustal contamination in the intrusion itself (upper crustal levels), as discussed above, there is also potential for crustal assimilation in the lower portions of the magmatic plumbing system (lower crustal levels). Magmas feeding the intrusion were mafic in character with high Os abundances (probably 40Á5 ppb), compared with 3^200 ppt for lower crustal rocks (Saal et al., 1998) , requiring in excess of $5% lower crustal level assimilation to significantly affect the Os compositions. Although Pb anomalies are pervasive, even in the Keel dyke (Fig. 6) , assimilation of large quantities of lower crustal material would have significantly affected the mafic character, through fractionation of the magma, as well as yielding high initial g Os values and negative initial e Nd because of the incompatible element enriched nature of continental crust.
Determination of a Muskox parental melt composition
We interpret variations in both g Os and e Nd in the layered series to reflect small but significant upper crustal level contributions to fresh pulses of mantle-derived magma that generated the layered series cyclic units; the initial values presented below are therefore minimum estimates of the Mackenzie LIP mantle source composition. intrusion (Fig. 14) . Indeed, much of the variation in HSE patterns for the Muskox layered series rocks can be explained by the different compatibilities of I-PGE and P-PGE during fractionation of Muskox parental magmas. There is limited evidence for crustal assimilation affecting HSE patterns in layered series rocks (Fig. 12) , apart from in roof zone rocks that possess similar patterns to the Hornby Bay sandstone and Wopmay paragneiss country rocks. Roof zone samples also show a surprisingly restricted range in Re, possibly consistent with Re addition through hydrothermal mobilization. The HSE patterns in Fig. 12 therefore reflect the interplay of fractionation of cumulus minerals with relatively minor contributions from assimilation of crustal materials, Re mobilization and, in the case of the marginal zone, base metal sulphide fractionation.
Assuming a primitive magma composition of $13^15 wt % MgO, based on the break in slope for plots of compatible elements (Cr) vs MgO ( Fig. 9 ) and the estimate of Francis (1994) for magmas in equilibrium with olivine in the intrusion, it is possible to calculate an average initial parental magma composition for the Muskox intrusion. The calculated initial parental magma composition for the Muskox intrusion is 0Á5^1Á1ppb Os, 0Á4^0Á8 ppb Ir, 5Á0^5Á9 ppb Ru, 11Á8^14Á2 ppb Pt, 19Á0^20Á7 ppb Pd and 0Á5 ppb Re. With the exceptions of the P-PGE, these estimated values are close to those of low-S gabbro norites from the marginal zone of the intrusion (0Á6 ppb Os, 0Á6 ppb Ir, 1Á2 ppb Ru, 11Á4 ppb Pt, 13Á4 ppb Pd; Barnes & Francis, 1995) , which have $15 wt % MgO, consistent with the calculated parental liquid of Francis (1994) . These values are lower than for the Keel dyke samples, which are partial cumulates. The estimated initial melt compositions for Mackenzie LIP magmas are consistent with 415% partial melting (e.g. Keays, 1995; Rehka« mper et al., 1999) and a lack of residual sulphide in the mantle source.
Magma mixing and the formation of stratiform chromitites and PGE-rich sulphides
Numerous models have been proposed for the formation of stratiform chromitite deposits in layered intrusions, including liquid immiscibility, increase in oxygen activity or pressure, original (high-Cr) magma compositions, or magma mixing and crustal contamination (Marques et al., 2003, and references therein) . The Muskox intrusion is the type locality for the long-standing petrological model that invokes mixing between more primitive mafic and more fractionated, crustally contaminated and silicarich, magmas, forcing chromite crystallization (Irvine, 1975 (Irvine, , 1977 . Single chromite crystals within the Muskox main chromitites contain small (550 mm) silicate inclusions (460 wt % SiO 2 ; Irvine, 1977) , which indicate that magma mixing between a mafic and a contaminated silicic magma end-member occurred to form the stratiform chromite deposits. Subsequent studies on melt inclusions in chromites from the Stillwater intrusion underlined the possible role of crustal contamination as a driving force for chromitite mineralization (Spandler et al., 2005) . Our new Re^Os isotope data are consistent with the model of Irvine (1975 Irvine ( , 1977 for the generation of Muskox chromitites. Chromitites and Os-rich dunites are characterized by low Re/Os Ã , but anomalously high g Os i (þ12Á7 to þ86Á5), which stand out against background g Os i values that are generally less than þ5 in the adjacent layered series rocks. These elevated initial Os isotope ratios are best explained by introduction of radiogenic crustal Os into the system from which the chromitites were formed. Based on our mixing calculations, accounting for Os abundances in the melt, as little as 4% crustal addition to the silicic melt can account for the radiogenic Os measured in the chromitites (Fig. 18 ). This estimate seems reasonable considering the close correspondence of REE and multi-element patterns between whole-rock chromitites and Keel dyke samples (Figs 5 and 6) .
Chromitite ores in other layered intrusions vary in their initial Os isotope ratios. Those from the 2Á06 Ga Bushveld (g Os i ¼ þ10 to þ55; Schoenberg et al., 1999) and 2Á70 Ga Stillwater (g Os i ¼ þ12 to þ34; Lambert et al., 1994) intrusions are elevated, similar to the Muskox intrusion, indicating a significant crustal component involved in their petrogenesis. Even layered intrusions with lower initial Os isotope ratios such as the 2Á58 Ga Great Dyke (g Os i ¼^6Á9 to þ4Á4; Schoenberg et al., 2003) and the 2Á04 Ga Ipueira^Medrado sill (g Os ¼^4Á6 to þ3Á3; Marques et al., 2003) are considered to have significant fractions of crustal input, but in the case of IpueiraM edrado, into a magma with a component sourced from depleted continental lithosphere, which moderates the resulting Os isotope compositions. Hence, in many PGEmineralized stratiform chromitite occurrences studied to date there appears to be an important role for magma mixing and contamination by continental crust.
The great majority of mafic^ultramafic systems host marginal zone (side-wall) Cu^Ni^PGE deposits as a consequence of assimilation of crust, or crust-derived sulphur, into sulphide-undersaturated basaltic, picritic or komatiitic magmas (Keays, 1995; Foster et al., 1996; Lambert et al., 1998 Lambert et al., , 1999 . Our new Os isotope and HSE data preclude significant sulphide saturation and immiscible base metal sulphide ore formation in the layered series; these processes are more likely to occur in the marginal zones. One marginal zone sample analysed in this study (S-192) yielded $22 ppm Pd. Similarly, Barnes & Francis (1995) measured a number of sulphide-rich marginal zone samples with high PGE concentrations, including one with as much as 7 ppm Pt and 84 ppm Pd. Ni^Cu^PGE ores from layered intrusions such as those of Noril'sk, Voisey's Bay or Sudbury, which have supra-chondritic g Os , have most commonly been interpreted as forming through sulphide saturation and immiscible sulphide ore formation processes. Campbell & Naldrett (1979) have defined the R-factor, which is the effective mass of silicate magma with which a given mass of sulphide magma has equilibrated (Campbell & Naldrett, 1979) . Examples of marginal zone sulphide ores with high Re/Os Ã and g Os include those of Voisey's Bay (Lambert et al., 1999) , Duluth (Ripley et al., 1998) and the Sudbury igneous complex (e.g. Morgan et al., 2002) .
Because limited crustal sulphide addition occurred within the Muskox intrusion layered series rocks and sulphide addition from country rocks was significant only for magmas in the marginal and roof zones, the layered series of the intrusion do not conform to an R-factor model. Locally, however, marginal zone rocks in the Muskox intrusion may conform to an R-factor model. Barnes & Francis (1995) convincingly argued that the silicate to sulphur ratio dominated the formation of sulphide ores in the marginal zone of the intrusion, with sulphur isotope data (Sasaki, 1969; L. J. Hulbert, unpublished data, 2001 ) demonstrating the provision of S from assimilation of S-rich country rock. However, local Wopmay paragneiss and, by virtue of their similar Os concentrations and 187 Os/ 188 Os compositions, lower crustal rocks (Saal et al., 1998) are unable to explain the trends to sulphide enrichment seen in Ni^Cu^PGE sidewall deposits. This observation suggests that some intrusions will trend to greater Os (and therefore precious metal) enrichment if sulphide-rich, high Re/Os lithologies are present in the country rock formations that they intrude. For example, sulphide over-saturation in the Noril'sk intrusion, which has generated some of the most PGE-rich sulphide ores globally, is primarily attributed to assimilation of sulphide-rich annhydrite into the primary magmas (e.g. Arndt et al., 2003) . It is therefore likely that precious-and base-metal mineralization in the Muskox intrusion is entirely hosted in localized, sulphurrich side-wall deposits.
Absence of a continental lithospheric mantle component
Continental lithospheric mantle (CLM) has been invoked as an important source input to the Stillwater Complex (Lambert et al., 1994) and the Ipueira^Medrado sill (Marques et al., 2003) . The Muskox intrusion has intruded through an area of 1Á6^1Á9 Ga basement 80 km west of the Slave craton. Kimberlite-borne peridotite fragments of the Slave CLM exhibit signs of metasomatic Os isotope disturbance at the time of Mackenzie LIP inception , indicating that interaction between asthenospheric melts and lithosphere may have taken place. The input of CLM into Muskox magmas would have its clearest manifestation in the resulting Os isotope signatures. Larsen et al. (2003) identified the influence of CLM in the magmatic system developed beneath West Greenland during the evolution of the Palaeocene North Atlantic LIP via the development of unradiogenic initial Os isotope signatures (g Os i^2Á2 to^16). The lowest g Os i value for unaltered Muskox layered series rocks and the Keel dyke is þ1Á2. The extent to which this process affected Muskox intrusion magmas must therefore have been extremely limited. The close to chondritic e Nd i compositions and the lack of suitable combined Os^Nd isotope trends (Fig. 17) imply that the CLM did not play a significant role in the generation of the Muskox intrusion, or in its mineralization. Instead, the generation of large volumes of tholeiitic melt associated with the Mackenzie LIP would require significant thinning of any existing CLM, acting to reduce its influence. Absence of CLM signatures in Muskox intrusion rocks is consistent with other studies suggesting that some LIP magmas pass through the CLM without appreciable modification (Schoenberg et al., 2003) .
The Muskox intrusion mantle source
Crustal assimilation and magma chamber processes can fully account for the range of Os and Nd isotope compositions of Muskox intrusion rocks. The least contaminated samples yield g Os i values close to chondritic and d
18 O similar to modern-day mantle rocks. Furthermore, regressions of HSE data indicate melting of an undepleted mantle source. The chondritic to slightly radiogenic g Os i and e Nd i values of Muskox parental melts imply a convecting mantle source for the portion of the Mackenzie LIP event represented by the Muskox intrusion, as previously suggested by Stewart & DePaolo (1996) . The coeval Coppermine River CFB has an initial Os isotope ratio that is within error of our estimate for the Muskox initial ratio (Day et al., in preparation) , suggesting a relatively homogeneous source for the Mackenzie LIP as a whole. This close-to-chondritic estimate of source composition is similar to that of Archaean intraplate ultramafic rocks, komatiites, and some Phanerozoic CFB (Alle' gre et al., 1999; Schaefer et al., 2000; Puchtel et al., 2001 Puchtel et al., , 2004 Bennett et al., 2002; Gangopadhyay & Walker, 2003; Wilson et al., 2003) . We note, however, that there is no discrepancy between long-term incompatible element depletion from Nd isotope systematics and undepleted characteristics for Os isotopes in the Muskox intrusion mantle source, unlike that for some komatiitic mantle sources (Gangopadhyay & Walker, 2003) . The g Os i of Mackenzie LIP magmatism determined from the Muskox intrusion represents a useful tie-point in the Os isotopic evolution of Earth's mantle. Few mafic^ultramafic lavas and related rocks from the mid-Proterozoic have been studied extensively, or are well preserved. Only one other point lies close to the inferred Os isotope mantle evolution curve in the period between 0Á6 and 2 Ga; the 1Á1 Ga Keewanawan CFB, which is considered to originate from an 'enriched' plume source (g Os i þ5Á4; Shirey, 1997) .
The estimated Muskox intrusion parental melt composition is plotted versus time in Fig. 19 together with the averages of ophiolite chromitites, abyssal peridotites, komatiites, chondrites (carbonaceous, enstatite and ordinary), estimates for primitive upper mantle (PUM) from global studies of mantle xenoliths, and the Solar System initial (SSI). A large number of layered intrusions and LIPs deviate from the chondritic evolution line to more radiogenic 187 Os/ 188 Os, suggesting a supra-chondritic Re/Os source. However, many of these layered intrusions (and associated CFB) are either likely to have been, or are demonstrably, contaminated with crustal material and therefore their use in delineating the PUM mantle evolution curve is contentious. In other cases, an outer core (Walker et al., 1997a) , or recycled oceanic crust contributions (Shirey, 1997) have been proposed to explain some of the deviations. Therefore, using a filtered dataset reflecting only errorchron or isochron initial values that are unambiguously unaffected by crustal contamination allows determination of the Os isotopic compositions of the contemporary mantle. A regression line through SSI and the Mackenzie LIP source intersects the present day at 187 Os/ 188 Os ¼ 0Á1296 AE 0Á0071 in agreement with PUM estimates (0Á1296 AE 0Á0008; Meisel et al., 2001) (Fig. 19) . This requires that the source of the Mackenzie LIP evolved with a 187 Re/ 188 Os similar to that of PUM.
Generation of the Muskox intrusion and Mackenzie LIP
Geochemical variations in the Muskox intrusion highlight the importance of crustal assimilation processes at all levels within continental intraplate magmatic systems. In the case of the Muskox intrusion, it is possible to 'see through' the effects of crustal contamination and magma chamber processes, allowing estimation of the source composition of the magmas feeding the Mackenzie LIP. The observation of an undepleted asthenospheric mantle source for the Muskox intrusion is consistent with the notion of an anomalous mantle upwelling model for the generation of the Mackenzie LIP. The large volume of magma produced during the relatively short period of time determined for the Mackenzie LIP (LeCheminant & Heaman, 1989) , the high degrees of partial melting (415%), the presence of high MgO and Mg/Fe lavas in the early phases of magmatism (Day et al., in preparation) , the uplift^subsidence history, and the topographic drainage and gravity structure of the region (Baragar et al., 1996) , which coincides with the focal point of Mackenzie dyke propagation (Ernst & Baragar, 1992) , all appear to indicate anomalous mantle melting, possibly related to failed rifting (Fahrig, 1987) . The undepleted source composition is similar to estimated PUM compositions (Becker et al., 2006) . The source for the Muskox intrusion parental magmas therefore appears to be derived from a region of mantle that has not previously witnessed significant melt extraction, and is consistent with the concept of a deep mantle upwelling or 'plume' beneath the Canadian Shield during the mid-Proterozoic. Results of this study do not support notions of recycled or core contributions to the Mackenzie LIP.
C O N C L U S I O N S
Detailed study of trace elements, platinum-group elements, and Re^Os, Sm^Nd and O isotope systematics through the stratigraphy of the Muskox layered intrusion reveals the complex interplay of magma chamber processes, as inferred for layered intrusions world-wide. Post-magmatic hydrothermal alteration has resulted in redistribution of (Shirey & Walker, 1998) and that of the Mackenzie LIP source. (b) Crustally contaminated LMI and CFB removed from plot; dotted line, IMI composition regression; dashed line, SSI composition regression. Mackenzie LIP have Keel (þ1Á2) and layered series ($ 0) initial g Os . These models indicate that chondritic 187 Os/ 188 Os compositions have been a feature of the mantle source for intraplate magmatism and mantle-derived melts for at least 3Á8 Gyr (Bennett et al., 2002) , until at least the mid-Proterozoic. Keweenawan samples appear anomalous and are associated with the demonstrably crustally contaminated Duluth intrusion. Data sources: Shirey & Walker (1998) and Puchtel et al. (2004) , and references therein. LMI, layered mafic intrusions; CFB, continental flood basalts; PUM, primitive upper mantle.
Re in the intrusion affecting initial Os isotope values in marginal and roof zone samples, but has had a negligible effect on the layered series units or the Muskox Keel feeder dyke. Crustal contamination has played a fundamental role in generating the range of Os isotope compositions measured within the layered series, marginal and roof zones of the intrusion. Crustal contamination via wall-rock assimilation is best exemplified in the roof zone of the intrusion. Limited crustal assimilation has taken place in the layered series but a small amount (54% by weight) of crustal contamination, in conjunction with crystal fractionation, can explain the entire range in isotopic and elemental variations seen in the cyclic units. Ultimately, crustal assimilation may provide a trigger mechanism for the formation of chromitite horizon precious metal deposits via interaction with fresh, mantlederived magma pulses into the intrusion, and also for side-wall sulphide deposits by providing sulphur to the system. Accounting for the effects of crustal assimilation, least contaminated samples and errorchron initial values indicate an undepleted source composition (g Os i þ1Á2 AE 0Á3; e Nd i 4^1Á0; d
18 O ¼ $ þ5Á5ø). This composition is slightly supra-chondritic relative to carbonaceous chondrites but is similar to estimates of the primitive upper mantle at 1Á27 Ga. The Muskox intrusion and Mackenzie LIP were probably sourced from asthenospheric mantle material unaffected by long-term, large-scale melt depletion, consistent with an anomalous mantle melting event beneath present-day Canada during the mid-Proterozoic.
